The effect has been studied of various media, hormones and of amino acids on the membrane potential of rat hepatoma cells in culture measured by microelectrode impalement. Cells in Eagle's minimal essential medium plus 5% serum had a value which varied daily from about 5-8 mV, inside negative. The membrane potential of rat hepatocytes was measured to be 8.7• inside negative. The membrane potential of the hepatoma cells was decreased by insulin and increased by glucagon. Membrane potential was unaffected by change of medium to Hanks' or Earle's balanced salt solutions or deprivation of serum. It was, however, reduced in cells in phosphate-buffered saline and by reduction of pH. The former effect was shown to be due to the higher [Na +] of phosphate-buffered saline as opposed to the other media. Addition of alanine, glycine, serine, proline and methylaminoisobutyrate all reduced membrane potential by 2-3 mV. Smaller decreases were seen with methionine, leucine and phenylalanine, but none with glutamine, threonine, BCH (2-aminonorborane-2-carboxylic acid) and D-alanine. The results are compared with the effects of similar conditions on aminoisobutyrate uptake. Whilst there was a correlation under some conditions there was not under others. It is concluded that for the hepatoma cells factors additional to the membrane potential must exert some influence on the capacity for amino acid transport.
INTRODUCTION
The uptake of many amino acids by animal cells is Na+-dependent (Christensen et al., 1973; Shotwell et al., 1983; Leister et al., 1988). The membrane potential contributes to the electrochemical gradient of the Na § ion and it is well established that Na+-dependent uptake of amino acids is electrogenic and lowers the membrane potential (Heinz et al., 1975; Laris et al., 1976; Philo and Eddy, 1978a,b; Bergman and Bergman, 1981; Smith et al., 1982; Pershadsingh et al., 1985) .
Amino acid transport has been deemed to be accomplished by a number of distinctive systems of mediation with specific properties (Christensen et al., 1973; Christensen, 1979; Shotwetl et aI., 1983; Leister et al., 1988) . Amino acid transport by System A is characterised by its Na+-dependence while that by System L is Na+-independent. Membrane potential has been implicated as a factor in amino acid transport for Ehrlich ascites tumour cells (Philo and Eddy, 1978a; Pershadsingh et al., 1978; Johnstone, 1978; Burckhardt and Pietrzyk, 1980) and for plasma membrane vesicles from (i) transformed mouse fibroblasts (Lever, 1977) and (ii) rat liver (Sips et al., 1980) . However, the extent and importance of the involvement of the membrane potential in amino acid transport is uncertain, although a definite and important contribution towards System A transport has been suggested for normal and transformed mouse fibroblasts (Leister et al., 1988) .
In previous experiments from this laboratory the influence of a variety of media and of various amino acids on the ability of rat hepatoma cells to accumulate the model amino acid aminoisobutyrate, whose uptake is Na +-dependent, has been studied (Grimm and Manchester, 1976; Gulumian and Manchester, 1981) . Culture of the cells without serum, change of ionic conditions of the medium, and addition of various amino acids including the model amino acid BCH (2-aminonorbornane-2-carboxylic acid), whose uptake is Na +-independent, were all found to affect aminoisobutyrate accumulation. This study investigates the extent to which the factors changing the rate of aminoisobutyrate uptake likewise influence the membrane potential of the cells.
MATERIALS AND METHODS

Hepatoma Cell Culture
The composition of media used and the culturing of the cells was as described previously (Gulumian and Manchester, 1981) . Rat hepatoma cells, originally derived by treatment of rats with 3-methyl-4-dimethylaminoazobenzene (Albrecht et al., 1973) , were grown in Eagle's minimal essential medium with glutamine (MEM) plus 5% foetal calf serum (FCS). The cells were cultured as monolayers in 50 ml plastic tissue culture flasks (Nunclon) which had a surface area of 25cm2. Incubation of the cells was at 37~ in air. The cells were subcultured by trypsinization at weekly intervals and the medium was changed every four days. Cells were counted with a haemocytometer; their viability was estimated by trypan blue exclusion to be 90-94%. Because these cells had been through a large number of passages, they were highly adapted to their culturing conditions.
Membrane Potential Measurements
For measurement of membrane potential by microelectrode impalement it was necessary to attach cells to glass coverslips for compatibility with the experimental apparatus. Cells were collected by trypsinization 20 h after change of culture medium. This corresponded to the stage when the cells were previously subjected to amino acid transport studies (Gulumian and Manchester, 1981) . To facilitate the taking of good membrane potential measurements the cells were transferred at a suitable density, i.e. about 0.5 • 106 cells/ml, to culture flasks containing coverslips. The cell density was not too high that the cells would impede movement of the microelectrode, but was sufficient to allow for quick and efficient measurement-taking. After incubation for 1 h at 37~ in air, attachment of the cells to the coverslips was complete and the cells were ready for electrode measurements. Any adverse effect of trypsinisation on the membrane potential had been overcome as judged by measurements 24 h after trypsinisation which were the same as those 1 h afterwards. At this stage (24 h after trypsinisation), however, the cell density was very high because of cell division and therefore measurement-taking was difficult and inefficient. For this reason the membrane potential was measured after a 1 hr incubation.
Microelectrodes, prepared by pulling a combined glass capillary and blank on a commercial electrode puller (C. F. Palmer, model 418/8115: Bioscience), were filled with 2.5 M KC1 and each had an Ag/AgC1 wire inserted. Microelectrodes with resistances of 58-98 Ms as measured on a rapid-response apparatus designed for the purpose, were selected for measurements. The sample bath, containing the coverslip with adhered cells, was mounted on the stage of an inverted Zeiss microscope (Invertoscope D). One microelectrode was chosen to be the impaling electrode and was mounted close to the reference electrode on one side of a Leitz micromanipulator. The electrodes were connected to the input of a preamplifier, the signal from which was fed into a Tektronix 5103N storage oscilloscope.
A membrane potential measurement was taken to be valid and recorded when the following criteria had been met: (a) a rapid potential change, as indicated by the trace of the oscilloscope and occurring within about 0.5 s, on inserting the electrode into the cell, (b) a peak then being reached which was free of noise and stable for several seconds, and (c) the immediate return of the trace to the base line on withdrawal of the electrode. Our apparatus was capable of recording any transient (occurring in less than i ms) change in the membrane potential. Although it has been reported that the membrane potential on microelectrode penetration of Ehrlich ascites tumour cells decays within i ms, presumably as a consequence of the impalement, and then stabilises at an artifactually lower value (Lassen et al., 1971 ), we could not find any evidence of this occurring with our hepatoma cells. Results were plotted as histograms and statistically evaluated by the Z 2 test.
RESULTS
Effects of Insulin and Glucagon on Membrane Potential of Rat Hepatoma Cells
The membrane potential of rat hepatoma cells in MEM plus 5% foetal calf serum (FCS) varied in successive experiments in the range of 5-8 mV, inside negative. Figure 1 gives photographic records of oscilloscope traces obtained on microelectrode impalement of several cells. Using the same apparatus a value of 11.2 4-0.7 mV (31 observations), inside negative, was obtained for rat pulmonary alveolar macrophages (Brenner et al., 1981) . For rat hepatocytes adhered to collagen-coated coverslips a value of 8.7 + 0.2mV (50 observations), inside negative, was obtained. A typical histogram of the sort of measurements obtained for the hepatoma cells is shown in Fig. 2 . Any particular batch of cells, however, had a stable average membrane potential over the period of an experiment, e.g. values of 6.2, 6.4, 6.7, 6.5, each + 0.3 for 18 observations, were found in a typical case at 60, 90, 120 and 150 minutes after transfer to coverslips. Each of the hormones, insulin (3 • 1 0 -7 M ) and glucagon ( 1 0 -6 M ) had an effect on the membrane potential of the cells (Table 1) . Exposure to insulin resulted in a depolarisation (about 1 mV), whereas addition of glucagon induced a hyperpolarisation (2 mV). If the cells were incubated with glucagon for 12 h before measuring the membrane potential no effect was seen (Table 1) . Insulin stimulates aminoisobutyrate uptake by the hepatoma cells (Grimm and Manchester, 1976) . Some rat hepatoma cell lines show no effect of glucagon on aminoisobutyrate uptake (Kelley et al., 1978) in contrast to others (Baril et al., 1969; Reynolds et al., 1971) and to hepatocytes (Kelley et al., 1978; Wondergem and Harder, 1980) . Prior to impalement by glass electrodes, ceils in MEM + 5% FCS were allowed to attach to glass coverslips as described in Materials and Methods. Measurements were commenced in Hanks' balanced salt solution on addition of the hormones. In line 3 the cells were incubated with glucagon in MEM + 5% FCS for 12 hours before commencing measurements. Each figure is the mean • SEM of the number of observations in parenthesis. The cells in MEM + 5% FCS were allowed to attach to coverslips as described in Materials and Methods. Membrane potential measurements were commenced once the cells came in contact with medium of a particular concentration of Na +. In each case measurements were completed for two media to enable determination of the comparative effects of the Na + concentration. Each figure is the mean • SEM of the number of observations in parenthesis. Hanks' BSS = Hanks' balanced salt solution PBS = Phosphate-buffered saline
Effects of Various Media on Membrane Potential of Rat Hepatoma Ceils
When either Hanks' or Earle's balanced salt solution replaced the usual medium (MEM + 5% FCS) in which membrane potential was measured there was no significant change in potential, nor was potential significantly affected by whether serum was present or not during impalement (results not shown). Cells cultured in MEM without addition of serum for 20 hours preceding their transfer to coverslips likewise had a potential which was not significantly different from that of cells cultured at all times in MEM + serum (results not shown). The effects of these media were studied because earlier work (Gulumian and Manchester, 1981) had shown that aminoisobutyrate uptake was greater in both Hanks' and Earle's balanced salt solutions than in MEM due to lack of competing amino acids in the former. Moreover when cells were cultured for 20 h preceding uptake measurement in the absence of serum, in either MEM or Hanks' balanced salt solfition, there was a marked decrease in aminoisobutyrate uptake. Bathing the cells in phosphate-buffered saline resulted in a marked drop in potential (Fig. 2) by comparison with that measured in Hanks' balanced salt solution. Gulumian and Manchester (1981) had also found a marked decrease in aminoisobutyrate uptake in phosphate-buffered saline. The result appears to relate to the Na § concentration since when the [Na § in Hanks' balanced salt solution was raised to that in phosphate-buffered saline, i.e. from 146 to 165 mM, a similar depolarisation of the cells was observed (Table 2 , experiments a and b). Moreover lowering of the [Na +] of phosphate-buffered saline to that in Hanks' balanced salt solution restored the membrane potential to its value in Hanks' balanced salt solution (Table 2 , experiment c).
Effect of Medium pH on Membrane Potential of Rat Hepatoma Cells
Membrane potential was markedly decreased on acidification of the medium, but to a less extent when pH was increased to 9.0 (Table 3) . Under the conditions of the experiments viability remained unchanged at each different pH. The change in membrane potential thus paralleled the decrease in aminoisobutyrate uptake observed under similar conditions (Gulumian and Manchester, 1981) . Table 4 shows that addition of alanine, glycine, serine, proline and methylaminoisobutyrate all produced drops in the membrane potential in the range of 2-3 inV. Smaller but significant decreases (1 mV) were produced by methionine, leucine and phenylalanine, whereas no significant change was seen on addition of glutamine, threonine and BCH. Alanine, glycine, serine, proline and methylaminoisobutyrate all inhibit uptake of aminoisobutyrate by hepatoma cells, glycine not particularly effectively, but likewise inhibition was observed by methionine, leucine, glutamine, threonine and BCH (Gulumian and Manchester, 1981) . D-Alanine, by contrast with its L-isomer, had no significant effect on the potential (results not shown).
Effect of Addition of Various Amino Acids on Membrane Potential of Rat Hepatoma Cells
DISCUSSION
The membrane potential observed for our ceils of 5-8 mV, inside negative, is low, but such low values of membrane potential for mammalian cells are not unique in that from the Nernst distribution of chloride the membrane potential of erythrocytes is 7mV, inside negative (Herrman and Mtfller, 1986) . From microelectrode measurements, bone cells have also been shown to have low membrane potentials in the range of 5-10 mV, inside negative (Ferrier and Ward, 1986) . Our value for rat hepatocytes, adhered to collagen-coated coverslips, was 8.7 + 0.2 mV, inside negative. Rat hepatocytes have elsewhere been shown to sustain a low membrane potential of 10mV, inside negative, in primary monolayer culture (Wondergem, 1983) . While a much greater value of 78 4-9 mV, inside negative, has subsequently been measured by microelectrode impalement (Petzinger and Bigalke, 1986 ), more recently a membrane potential much lower than this of 25 4-0.1 mV, inside negative, has been measured using the same technique (Bear et al., 1988) which suggests that the membrane potential of rat hepatocytes may be influenced by as yet unknown factors. Though low, we believe our figure for rat hepatoma cells to represent a genuine value-criteria governing valid membrane potential measurements (see Materials and Methods) were rigidly adhered to and consistent measurements were obtained. Moreover, several treatments induced significant and rational change in the potential. Furthermore, application of the same technique, using the same apparatus, to the measurement of the membrane potential of rat pulmonary alveolar macrophages resulted in a value of 11 mV, inside negative, being obtained (Brenner et al., 1981) .
We note that the membrane potential of our rat hepatocytes was greater (more negative) than that of the rat hepatoma cells. A similar situation was found for such cells by others (Binggeli and Cameron, 1980) and together with the greater membrane potential of mouse corneal fibroblasts compared with cells of mouse fibrosarcoma this has lent support to the notion that lower membrane potentials may play a significant role in the altered physiology of the tumour cell.
An interesting finding is that the depolarisation of the rat hepatoma cells in phosphate-buffered saline is due to the Na + concentration in this medium being higher than that in Hanks' balanced salt solution. This is indicative of the importance of the Na § diffusion potential in the creation of the resting membrane potential.
Insulin depolarised the rat hepatoma cells and it has also been shown to have such an effect on rat hepatocytes by Wondergem (1981; 1983) who has suggested that this results from a decrease in membrane K + conductance. The lowering of the membrane potential of the hepatoma cells by insulin correlates inversely with its observed effect, i.e. a stimulation, on aminoisobutyrate uptake (Grimm and Manchester, 1976) . Glucagon (10 -6 M) hyperpolarised the hepatoma cells, though not if the cells had been exposed to it for 12 h prior to measurements. In rat hepatocytes glucagon has been found to elicit a marked hyperpolarisation 12 h after addition to the cells (Wondergem and Harder, 1980) .
Glucagon was observed to have no effect on aminoisobutyrate uptake by several hepatoma cell lines (Kelley et al., 1978) which does not correlate with its effect, determined here, on the membrane potential of hepatoma cells.
With regard to the lack of influence of serum on the membrane potential of hepatoma cells, our cells require serum for growth and division and there is a well established correlation of increased aminoisobutyrate uptake in growing as opposed to quiescent (serum-deprived) cells (Grimm and Manchester, 1976; Gulumian and Manchester, 1981) . Thus not all membrane related phenomena, even when induced by an agent as potent as serum, may affect membrane potential. The effect of pH on membrane potential is similar to that observed by others (Johnstone, 1978; Friedhoff and Sonenberg, 1983) , but the cause is not known although it may be a consequence of intracellular acidification (Bear et al., 1988) . A direct correlation appears to exist between the effect of pH on membrane potential and on aminoisobutyrate uptake by the hepatoma cells (Gulumian and Manchester, 1981) . Likewise there is a direct correlation between the effect of phosphate-buffered saline on membrane potential and on aminoisobutyrate uptake (Gulumian and Manchester, 1981) .
The depression of membrane potential on addition of a variety of amino acids each at a concentration of 5 mM mirrors observations of others (Laris et aL, 1976; Philo and Eddy, 1978a,b; Hacking and Eddy, 1981; Bergman and Bergman, 1981; Smith et al., 1982; Pershadsingh et aL, 1985) which have been ascribed to the coupling of Na + to amino acid uptake, i.e. a Na § symport underlies the depression of membrane potential observed with certain amino acids the uptake of which is thus electrogenic. The depolarisation of the cells has been shown to be effected by amino acids such as leucine, isoleucine, phenylalanine and tryptophan (Table 3 and Philo and Eddy, 1978a,b; Hacking and Eddy 1981) where uptake is believed to be primarily by System L. The findings imply that a significant portion of the uptake of these latter amino acids must also be Na+-dependent, i.e. by System A and/or ASC. Lack of influence of BCH was also observed by Hacking and Eddy (1981) , but the inactivity of glutamine and threonine was unexpected in the light of previous findings with these amino acids (Laris et aL, 1976; Bergman and Bergman, 1981) .
One of the aims of this work was to attempt a correlation of circumstances in which an increase or decrease in aminoisobutyrate uptake correlates with a change in membrane potential. Clearly such a correlation is incomplete and inconsistent, but does exist for certain conditions. While there were correlations with the effects of pH and phosphate-buffered saline, for serum deprivation of the cells a correlation was not obtained. In the case of the effects of insulin, an inverse correlation was obtained. Insulin may thus exert an influence on System A amino acid transport which is independent of the influence of membrane potential. Similarly, the peptide hormones or growth factors present in serum may stimulate amino acid transport without affecting the membrane potential. The effect of the hormones or growth factors may be a stimulation of the activity and/or synthesis of System A amino acid transport carriers. This suggests Na+-dependent amino acid uptake is not mediated solely through the membrane potential although under physiological conditions this would have a role as indicated by the results obtained here. There is evidence for the existence of multiple mechanisms of regulation of System A amino acid transport in a kidney epithelial cell line (Boerner and Saier, 1988) . Thus, while the results indicate a participation of the membrane potential in active, Na+-dependent, amino acid transport, the incomplete and inconsistent correlation of the potential with aminoisobutyrate uptake under different conditions suggests the involvement of supplementary factors. These factors may be linked to the metabolic activity of the cell which may influence the activity, possibly through provision of energy, and/or synthesis of the carrier proteins for amino acid transport. Evidence has been provided for the regulation of hepatic System A aminto acid transport via transcriptional and translational control mediated by hormones or growth factors, of synthesis of plasma membrane carrier proteins (Kilberg, 1986) .
Glutamine can be distinguished from the other amino acids since its uptake is believed to proceed mainly via a unique pathway, System N. Although this pathway has been found to be Na+-dependent (Kilberg et al., 1980) , if in our cells it were to be driven by other metabolic activity the lack of its influence on membrane potential might be explained.
In the earlier transport studies in this laboratory (Gulumian and Manchester, 1981) BCH was found to inhibit uptake of aminoisobutyrate. In view of the lack of effect of BCH on the membrane potential one must conclude that it is not being taken up significantly by System A mediation. Its inhibitory effect on aminoisobutyrate uptake could still result from a variety of circumstances, e.g. if aminoisobutyrate also uses System L as well as A as has been reported for several cell types (Christensen, 1979; Kilberg et al., 1979) , or if BCH were to bind to the Na + gradient-driven carrier but form a complex incapable of transport, thus inhibiting the system. The behaviour of threonine is similarly explicable.
